Background: Cooperation and competition were compared in the present study. Brain correlates (electroencephalography, EEG frequency band, delta, theta, alpha, and beta) and hemodynamic measure of functional near-infrared spectroscopy (fNIRS, O2Hb) were acquired during a joined cooperative (Experiment 1) or competitive (Experiment 2) task. Subjects were required to match each other's cognitive performance (cooperation) or to make better than others (competition) in terms of accuracy (error rate, ER) and response time (RT). In addition, a personality trait measure (behavioral activation system, BAS) was used to distinguish subjects based on their rewarding attitude. Self-perception of social ranking and real performance were considered in response to subjects' performance (that was artificially manipulated to show an increasing or decreasing profile during the task).
Background
Cooperation and competition are part of our daily life. When a cooperative or competitive interpersonal task is performed, it may induce different effects that are influenced by the "social" meaning of cooperation or competition and by self-perception in that interpersonal context. When considering social hierarchy, the occurrence of a cognitive task performed together can be accompanied by a modification in our self-representations according to the outcomes. In detail, the perception we built about ourselves is the result of a social analysis on our ranking within a specific situation in which we receive a feedback for our performance. Indeed firstly comparing my own and others' performance on a specific interpersonal task may (or may not) enhance my rank perception in term of efficacy, taking into account the pre-existing condition. In second instance, the performance related to our cognitive efforts is able to influence self-perception and has an important role in creating a pertinent awareness of our own skills. This process is fundamental for the development of self-improvement in the future [1] . Finally, when we consider social hierarchy perception as a comparison between out performance and others' skills, it has to be considered that also the behavioral outcomes could be strongly affected, both per se and jointly [1] .
But how does this process take place in different interpersonal situations such as cooperation and competition?
Cooperative or competitive performance gained in an interpersonal task substantially implies a process of social comparison together with the explicit assessment of individual performances. Previous work already investigated the relation between self-perception, perceived efficacy, and social hierarchy within a competitive scenario. Findings demonstrated that competition is able to improve individual performances and, contemporarily, to contribute to higher perceptions of the social ranking position based on the behavioral performance [2] [3] [4] . However it may implicate a lower sense of in-group partnership and it may make the perception of social membership weaker [5] . In contrast, studies that explored cooperative conditions showed that they are associated with a stronger perceived membership and self-efficacy, a general wellbeing within the social context, and a reinforced perception of having a high position in the social hierarchy [2, [5] [6] [7] [8] . It was also shown that the adoption of a cooperative approach can strengthen interpersonal connection. On the other hand, however, cooperative attitudes could be associated with worse performance than competitive ones [2] .
Therefore it is relevant and urgent to distinguish the self-perception of our social efficacy and our position within a social ranking in different interpersonal conditions-namely in competitive or cooperative situations, which produce qualitatively distinct social and psychological dynamics. For example, in our previous study social ranking, as perceived by the individual, was already investigated within a competitive paradigm taking into account also other personality variables [3] . The analyses have been conducted by comparing different experimental conditions with mild or strong social reinforce about subjects' performance. Nevertheless, no specific studies directly compared the influence of those two contexts (cooperation and competition) in respect to perceivable interpersonal feedbacks. Indeed, it should be noted that cooperation and competition are two basic modes of interpersonal interaction [9, 10] . It has been shown that both cooperative and competitive scenarios imply the adoption of others' point of view, empathy, and the capacity to adjust our own behaviors according to that of others [11] . However, these subjective capacities are expressed even more during competition which involves the presence of divergent goals [9, 12] .
Cooperation and competition also call on different social and cognitive processes. Specifically, it was suggested that empathic and mentalizing attitudes differ somehow between cooperation and competition. Gallagher and Frith [13] suggested that it is important to consider and handle both others' mental state and reality [14] . This mechanism rely on executive functions and, specifically, on executive inhibition, that is the deliberate suppression of a salient knowledge or response to achieve a personal aim which also comes from inside [15, 16] . Indeed, depending on the interaction modalities (cooperation vs. competition), individuals may either facilitate or hinder others' goal achievement. When considering competition, the rival's behavior is much more unpredictable than the cooperative partner. In fact, in this last condition, there are planned and shared expectations about the partner's behavior, since the goal is common.
Thus, the strong increase in the prefrontal cortex activity-mainly the medial prefrontal cortex-observed during competition may in part mirror higher executive processing demands [9] . Specifically, it was demonstrated that the processing load related to competitive social dynamics are associated with increased brain activation, as indicated by alpha EEG power, across all examined brain regions. As such, competition imposed higher cognitive load. In addition, even the increase in cortico-cortical communication and interconnections was consistent, likely mirroring heightened communication between all strategy planning regions (i.e., prefrontal areas). In contrast, other research demonstrated that one's own actions are facilitated when actions of the others are more predictable [17, 18] . This is the case in response to cooperation, but the opposite in response to competitive conditions. Moreover, recent research on the structure and function of neural circuits associated with social perception, social efficacy and social ranking offers preliminary evidence for an anterior neural circuit for those processes related to social cognition. Indeed, it was observed that neural circuits linking limbic, PFC, and striatal structures may be involved in such circuits and related to social responses in their affective, cognitive and behavioral components [19] . Both dorsolateral (DLPFC) and ventrolateral (VLPFC) cortices have proven to be involved during ranking considerations [6, 20, 21] . The activity of these brain areas during social interactions that implicate perception of social performance are likely to be associated with higher-level top down processes over, for example, affective responses when considering social ranking. Such mechanisms are meant to manage appropriate behavioral responses when considering social status. As already suggested by previous evidence, these neural circuits could be recruited to trigger socio-emotional responses and behavioral inhibition [22] .
Finally, a main important role is related to motivational aspects and "rewarding" conditions activated by cooperation or competition. In fact, specific brain areas are involved according to task type and rewarding condition. Previously it was found that cooperation furnishes a social motivation and is related to right orbitofrontal activation. Competition, instead, is less socially rewarding, but requires supplementary mentalizing resources. It is associated with higher activity in medial prefrontal areas. Moreover recent research found that motivations and emotions can influence the perception of social position by creating a (more) positive versus negative predisposition in social relationships. Therefore, we supposed that the way people evaluate their position in the social hierarchy partially relies upon some motivational and emotional components, such as the degree to which their actions are well balanced between "approach" attitudes in relation to rewards and absence of punishment, as well as "withdraw" from punishments and absence of reward.
Specifically, it was previously shown that high-BAS individuals (the behavioral activation system, BAS; [23] ) show more frequently a dominant attitude within social contexts. This fact is thought to positively influence the subject and his/her representations within the social hierarchy).
On the contrary, high-BIS individuals (behavioral inhibition system, BIS) are often associated with submissive attitudes, with negative consequences on social representations [24] . Generally speaking, the BAS is described as a motivational system which is triggered by rewarding signals and non-punishment, and responsible for approaching and active behavioral patterns.
In addition BAS is generally connected with feelings of dominance and high-BAS people are more sensitive to approach-related emotional contexts, with a favorable and dominant behavior toward the context [25] [26] [27] [28] [29] [30] [31] [32] [33] . In previous research, a significant BAS effect was found in distinguishing social hierarchy and social performance [6, 21, 34] . As for the cortical correlates of BIS/BAS, they are deemed as mutually inhibitory and they are lateralized: it has been demonstrated that the left PFC is the cortical location of approach-related motivations and emotions, while the right PFC of withdrawal-related processes [27, 29, 35, 36] .
However, as for cortical correlates of cooperation/competition, it remains to be explored if and how the neural activity is differently modulated by competition-or cooperation-induced social evaluations when the cognitive outcome is experimentally manipulated. Indeed no previous studies have manipulated the performance and the ranking position to explore that comparison. Available evidences indicate that during social exchange many brain areas are involved, but it is still to be explored which is the specific contribution of each of them to the agents' different mind-sets when they compete or cooperate to achieve a shared goal.
To explore the cortical impact of cooperation and competition and the main role of motivational components such as BAS trait, in the present research we monitored electroencephalographic (EEG) and hemodynamic (functional near-infrared spectroscopy, fNIRS) activity in two different experiments (Experiments 1 and 2).
Indeed, firstly, EEG activity may be considered as a good measure of brain responsiveness, and it has often been used to describe distinct responsiveness by the two hemispheres to different emotional and social conditions [27, 28, 37, 38] . Specifically, the hemispheric lateralization model of emotions furnished clear evidences about the significance of the left (more positive valenced stimuli) and right (more negative valences stimuli) hemisphere in correspondence with the alpha band modulation [37] . In addition, EEG modulation was used to demonstrate the lateralized PFC responsiveness related to BAS trait. Indeed, it has been found that a decrease in alpha activity (higher cortical activation) over frontal areas in the left hemisphere typically emerges in response to approach attitude [26, 29, [39] [40] [41] [42] [43] . Thus, a hemispheric lateralization was found based on brain oscillations and in concomitance with BIS/BAS distinction. In general, also low-frequency bands can be ascribed to the emotional significance of the stimulus condition. Indeed their modulation was revealed for emotional behavior and in concomitance with high BAS (more left activity) and low-BAS (more right activity). Some studies showed that theta activity is sensitive to emotional stimulation [44, 45] , and it was suggested that some specific neurons in the amygdala are related to theta activity during emotional arousal [46] [47] [48] . In contrast, few evidences exist on modulations of beta bands in association to the affective significance of a context [49] . For what concerns delta, instead, it has been hypothesized its functional role in signaling novelty within emotional contexts. Also, it could be related to updating processes of affective stimuli in memory [50] . Therefore it seems to respond to attentional salience of the stimulus, more than to its emotional content per se. Focusing on competition, instead, Babiloni et al. [51] , in an ecologically valid task simulating a card game, found a increased activity in PFC and anterior cingulated cortex for different frequency ranges for the player who leaded the game, if compared to other players.
Secondly, even if previous work provided functional imaging data associated with social ranking, the temporal features of such processes still need to be addressed. The classical imaging (i.e., functional magnetic resonance, fMRI) measures do not seem to completely describe the real nature of the social inter-personal processes. Thanks to the sudden development of affective and interactive contexts, they require to be studied by imaging techniques that can also provide a sufficient resolution in both temporal and spatial domains and then allow recording event-related hemodynamic responses, such as NIRS [52] . In addition, joint EEG/NIRS techniques permit a simultaneous investigation of electrocortical and hemodynamic features of brain activity during social exchange [53, 54] .
Therefore based on our hypotheses, competition versus cooperation may ingenerate different cortical response in PFC based on the underlying more or less rewarding social outcomes. In addition personality components (BAS) was hypothesized to influence perceived hierarchical position-in terms of higher self-perceived abilities for higher BAS-and cognitive performancenamely, improved cognitive outcomes. In other words, the perceived effectiveness of behavior in term of performance during a competitive or cooperative task may be positively modulated by reward mechanisms and consequently these mechanisms may impact on the real cognitive outcomes (improved performance for higher BAS). That is, the improving performance effect should be prominent for high-BAS subjects as a consequence of perceived dominant position and rewarding context, which are clearly positively judged by high-BAS people. Such processes should result in a left lateralized prefrontal activation, as previously discussed about the neural circuits underlying cognitive and social representation. Thus, the need to better explore the role of PFC and its different hemispheric contribution to self-perceived social ranking in combination with personality components [6, 20, 21, 55] is compelling. Some differences were expected between cooperation/competition, with greater left PFC responsiveness for higher BAS in cooperation. Higher BAS subjects in cooperation may more directly beneficiate of this increased PFC activity, due to the increased effect of cooperation on the sense of rewarding by the efficacious joint-actions. Based on previous results, it is likely that an hemispheric "competition" between left and right structures would characterize social hierarchy behavior, with a greater approach attitude and dominance in cooperative condition being associated to a left lateralized pattern. Therefore decreased alpha activity (i.e., increased brain responsiveness) and increased theta (more emotionally and motivationally related) EEG component and increased oxygenated hemoglobin (O2Hb as measured by fNIRS) should emerge for higher-BAS participants compared to higher-BIS participants in the frontal left brain area when they cooperate. In addition, we expected a general increased left more than right brain responsiveness in high-BAS when they cooperate.
To summarize, the three compartments of social ranking perception, personality components and cognitive performance should have a common trend, since we expected a correlated increased self-perception of social ranking and a better performance in relation to higher-BAS, with a subsequent higher activation over left frontal areas.
Experiment 1

Methods Subjects
Twenty-two undergraduate students (M = 22.13, SD = 1.98; male = 12) took part in the experiment. All participants were right-handed with normal or corrected-to-normal visual acuity. Exclusion criteria consisted in the presence of a psychopathological history for the subjects and immediate family. In addition, StateTrait-Anxiety-Inventory (STAI, [56] ) and Beck Depression Inventory (BDI-II, [57] ) were administered after the experimental session. No neurological or psychiatric pathologies were observed. No payment was provided for subjects' performance. They gave informed written consent to participate in the study. The research was approved by the local ethics committee of the Department of Psychology, Catholic University of Milan.
Procedure
Participants were accommodated in a moderately lit room in front of a monitor screen positioned at around 60 cm from their eyes. They were required to complete a simple task on sustained selective attention (modified from the original version: [21] ). Subjects were informed that some measures about their attentive performance would have been used to evaluate personal skills and, to improve their motivation, that these indices are usually adopted to assess potential career success and teamwork capacities. In addition, the cooperative goal of the task was underlined. Participants were also informed that the scorings were calculated according to their ability to produce synchronized responses with their partner, in term of accuracy (% of correct responses) and response times (RTs). They were positioned side-by-side but they could not interact each other since they were divided by a black screen.
The instruction was to choose target stimuli between non-targets. Stimuli consisted in geometric shapes and were arranged according to four shape/color combinations: triangles or circles, blue or green. The target remained on the video to be memorized and then all the experimental stimuli were displayed one after another. The target stimulus changed every 25 trials. Subjects were required to make a two-alternative forced-choice by pressing a left/right button. Stimuli were displayed for 500 ms, and separated by a 300 ms inter-stimulus interval (ISI). After each trial, constituted by three stimuli, a feedback was presented on the screen as two up-arrows (high cooperation score), a dash (mean performance), or two down-arrows (low cooperation score). The feedback was presented for 5000 ms, and it was preceded and followed by 5000 ms blanks. The task was composed by 8 blocks (for a total of 200 trials) (Fig. 1) . Halfway, subjects were provided with a general evaluation of their cooperative performance. Both feedbacks and the intermediate evaluation were fixed by the experimenter, and couples were told they had a good cooperative (synchronicity) score with 89% about speed synchrony, and 94% about accuracy synchrony. They were also asked to keep their performance level during the second half of the task. Across the experiment, after a preliminary phase with a mean performance, participants were continually reinforced about their proficient cooperation scores by presenting the positive feedbacks (up-arrows) in 70% of cases, and the neutral or negative feedbacks (dash or the down-arrows) in 30% of cases. Moreover, after answering all the stimuli in each block (25 trials), participants were asked to complete a self-evaluation scale about their performance and ranking by using a seven-point Likert scale (1 = very low ranking due to performance, to 7 = very high ranking). Subjects reported to be strongly engaged in the hierarchical situation (94% told to be strongly engaged), as assessed by post-session questionnaire data. Participants were also required to state their trust level about the provided feedbacks on the performance (which showed high trust, 94%), the relevance of the game for social status (97%), and the potentially perceived upgrading of ranking position during the experiment (92%).
BAS scores
BAS scores were calculated for each subject (Italian version [58] 91 ). Since BIS and BAS were orthogonally distributed and systematically participants higher in BAS were lower in BIS, BIS was not used in this phase of research. One subject was not considered in final analyses since he showed a mixedprofile (both high-BAS and high-BIS score). The questionnaire was given to the subjects after completing the experimental phase.
EEG recording and analysis
EEG recordings were conducted with two 16-channel EEG-systems (V-AMP: Brain Products, München. Truscan: Deymed Diagnostic, Hronov). An ElectroCap with Ag/AgCl electrodes was applied to record EEGs from active sites on the scalp referred to the earlobes (10/5 international system; [60] ). Data were acquired using a sampling rate of 500 Hz, with a frequency band of .01-40 Hz. An off-line common average reference was computed later to attenuate the problems related with the signal-to-noise ratio [61] . One EOG electrode was positioned on the outer canthi to identify eye movements. The impedance of the recording electrodes was supervised for each subject before beginning data collection and was always below 5 kΩ. The signal was visually inspected, and those portions of data that contained artifacts were removed to increase specificity. Blinks were also visually checked. Ocular artifacts (eye movements and blinks) were corrected by using an eye-movement correction algorithm that applies a regression analysis together with artifact averaging [62] . After performing EOG correction and visual inspection, only artifact-free trials were included (rejected epochs, 2%).
The digital EEG data were bandpass filtered in the frequency bands: delta (.5-4), theta (4-8), alpha (8-12 Hz), beta (14-20) (band-pass filtering 96 dB/octave rolloff, warm-up filter left and right to 100 ms). To obtain a signal proportion to the power of the EEG frequency band, the filtered signal samples (epoch 1000 ms) were squared [63] . An average absolute power value for each experimental condition was calculated, as well as of the preexperimental absolute power (−200 ms), that was used to determine the individual power without experimental stimulation. For the statistical analyses only left and right frontal (FFC3h, FFC4h) power activity for each frequency band was considered [64] (Fig. 2) .
fNIRS recording and analysis
fNIRS measurements were performed with the NIRScout System (NIRx Medical Technologies, LLC., Los Angeles, California) using an 8-channel arrangement of optodes (4 light sources/emitters and 4 detectors) positioned over the prefrontal area. Optodes were placed on frontal and fronto-central sites (Sources: FC3-FC4 and F1-F2; Detectors: FC1-FC2 and F3-F4) (Fig. 2) . Emitter-detector distance was kept at 30 mm for contiguous optodes. Also, a near-infrared light of two wavelengths (760 and 850 nm) was used. NIRS optodes were applied to the subject's head using a NIRS-EEG compatible cap, by considering the international 10/5 system.
For data acquisition, NIRStar Acquisition Software was used to detect changes in the concentration of oxygenated hemoglobin (O2Hb) and deoxygenated hemoglobin (HHb). A starting baseline (120 s) was also recorded. Signals obtained from the eight channels were acquired with a sampling rate of 6.25 Hz, and analyzed and transformed according to their wavelength and location. The result of this procedure consisted in values for the changes in the concentration of oxygenated and deoxygenated hemoglobin for each channel. Hemoglobin quantity is scaled in mmol * mm, implying that all concentration changes depend on the path length of the NIR light in the brain.
The raw data of O2Hb and HHb from each channel were digitally band-pass filtered at .01-.3 Hz. Successively, the mean concentration within each subject was calculated by averaging data across the trials from the feedback onset for 5 s. According to the mean concentrations in the time series, we computed the effect size in every condition for each channel within a subject. The effect sizes (Cohen's d) were calculated as the difference of the means of the baseline and trial divided by the standard deviation (SD) of the baseline: d = (m 1 − m 2 )/s. Accordingly, m 1 and m 2 are the mean concentration values during the baseline and trial, and s means the SD of the baseline. The mean concentration value of 5 s immediately before the trial was used as event-related baseline. Then, the effect sizes obtained from the eight channels were averaged in a way to increase the signal-to-noise ratio. Although NIRS raw data were originally relative values and could not be directly compared across subjects or channels, this procedure that normalized data allowed averaging regardless of the unit [65] [66] [67] . In fact, the effect size is not affected by differential pathlength factor (DPF) [66] .
Results
Four different levels of analyses were applied by considering to behavioral (error rates, ERs; response times, RTs; ranking self-perception) and neurophysiological (frequency ranges: delta, theta, alpha and beta; O2Hb modulation) measures. Behavioral measures have been entered into repeated measure ANCOVAs which included the covariate factor BAS (two levels, high-vs. low), while analyses applied to each frequency band and O2Hb measures included both BAS as covariate and Lateralization (Lat, two levels, left vs. right) as independent factor.
RTs have been calculated from the stimulus presentation, and ERs, the number of wrong answers, were computed as a percentage within each experimental condition. Accordingly, higher scores reflect worse responses: longer and inaccurate. For what concerns perceived self-efficacy, ranking score was considered (for this variable see "Procedure"). Band modulation and O2Hb and HHb were calculated as the mean values during the performance. For all of the ANCOVA analyses, the degrees of freedom were adjusted by using Greenhouse-Geisser epsilon if needed. For significant interaction effects, paired contrast analyses were also conducted. Bonferroni correction was adopted for multiple comparisons.
As last step, different sets of correlations were run between behavioral performance (ER; RTs), perceived self-efficacy, O2Hb, and the four frequency bands.
ANCOVA
ERs Results indicated a significant effect for BAS (F [1, 21] = 8.23, p ≤ .001, η 2 = .37). Indeed high-BAS rating showed a decreased ER compared to low-BAS rating. In order to display the high-BAS versus low-BAS rating differences, Fig. 3a and the following ones represent the high-BAS and low-BAS subjects based on two cut-offs, more than 50 (mean + 1 SD, N = 10) for high, and less than 44 (mean − 1 SD, N = 12) for low-BAS subjects.
RTs ANOVA indicated significant main effects for BAS (F [1, 21] = 6.98, p ≤ .001, η 2 = .33), with a general decreased RTs for high-BAS compared to low-BAS rating (Fig. 3b) .
Self-ranking
About the evaluation of the ranking position in term of performance, ANCOVA indicated significant effect for BAS (F [1, 21] = 8.55, p ≤ .001, η 2 = .38). Indeed high-BAS rating showed higher ranking perception than low-BAS rating (Fig. 3c) .
Frequency band analysis
About delta and beta no main or interaction effect was significant at the analysis. With regard to theta, ANCOVA indicated significant effects for Lat (F [ (Fig. 4a, b) . (Fig. 5 ).
Correlation analysis
A series of correlation analysis was applied to cognitive performance (ERs; RTs), self-perception, D, and EEG modulation. Pearson correlation coefficients were calculated between them. BAS revealed significant positive correlation with self-ranking (r 2 = .498, p ≤ .001) and performance (RTs) (r 2 = .509, p ≤ .001). In addition BAS was inversely correlated with alpha within the left hemisphere (r 2 = −.399, p ≤ .001) (increased left brain activity in concomitance with higher BAS), and directly correlated with theta (r 2 = .543, p ≤ .001) and D modulation (r 2 = .467, p ≤ .001). In addition self-ranking was inversely correlated with RTs (r 2 = −.464, p ≤ .001) and directly correlated with theta (r 2 = .578, p ≤ .001) (increased left activity in concomitance with higher self-ranking) and O2Hb (r 2 = .525, p ≤ .001). Finally O2Hb and theta band proved to be correlated (r 2 = .515, p ≤ .001).
Experiment 2
Methods Subjects
Thirty undergraduate students (M = 22.38, SD = 2.55; male = 13) took part in the experiment. The same selection criteria adopted for Experiment 1 were used in the Experiment 2.
Procedure
The same procedure of Experiment 1 was adopted, with a specific variation in term of the nature of the task. Indeed in Experiment 2 the competitive task was stressed: participants were told that the scoring was based on the capacity to beat the partner, in term of accuracy and speed. Also in this case a general (fake) evaluation was presented halfway. Subjects were told that their performance was "well above" or "well below" than their rival's one and were required to maintain their outcomes (for winners) or to improve it (for losers) during the second half of the experiment ("The measures recorded till now reveal that": for winners: "your performance is very good. Your response profile is well superior to your competitor's one. If you want to win, keep going like this in the following part"; for losers: "your performance is really poor. Your response profile is well inferior to your competitor's one. If you want to win, you'll have to improve your performance in the following part"). During the task, the trial feedbacks constantly reinforced participants about their good performance (in the case of winners) by presenting the up-arrows in 70% of cases, while the dash or the down-arrows only in 30% of cases (mainly at the beginning of the task) to make the task more credible and plausible. The opposite arrangement was proposed in the case of losers.
As shown by post-session questionnaire, participants were strongly engaged in the hierarchical situation (92%), with high trust in the feedback (96%), with a good perception of relevance of the task for social status (94%), and with a perceived improved ranking position during the task (93%).
BAS score
The total scores for each scale were respectively: BAS: M = 47. 
Results
ANOVA
ERs ANOVA indicated significant effect for BAS (F [1, 29] = 6.78, p ≤ .001, η 2 = .32). High-BAS showed a decreased ER than low-BAS (Fig. 6a) . In order to display the high-BAS versus low-BAS rating differences, the present figure, and the following figures, represents the high-BAS and low-BAS ratings based on two cut-offs, i.e., includes subjects with high BAS scoring more than 49 (mean + 1 SD, N = 13); and low-BAS scoring less than 44 (mean − 1 SD, N = 17).
RTs ANOVA indicated significant main effect for BAS (F [1, 29] = 8.03, p ≤ .001, η 2 = .38), with decreased RTs for high-BAS than low-BAS scoring (Fig. 6b) .
Self-ranking
About ranking position, ANOVA indicated significant effect for BAS (F [1, 29] = 7.55, p ≤ .001, η 2 = .37). Indeed high-BAS scoring showed higher ranking perception than low-BAS scoring (Fig. 6c) .
Frequency band analysis
As for delta and beta bands no main or interaction effect was significant at the analysis. With regard to theta, ANOVA revealed significant main effect for Lat (F [1, 29] (Fig. 7a, b) . (Fig. 8) .
Correlation analysis
Pearson correlation coefficients were calculated between ERs, RTs, self-perception, O2Hb and EEG. BAS revealed significant positive correlation with self-ranking (r 2 = .455, p ≤ .001) and inverse correlation with performance (RTs) (r 2 = −.593, p ≤ .001). In addition BAS was inversely correlated with alpha within the left hemisphere (r 2 = −.496, p ≤ .001) (increased left brain activity in concomitance with higher BAS), and directly correlated with theta (r 2 = .560, p ≤ .001) and O2Hb modulation (r 2 = .499, p ≤ .001). In addition self-ranking was inversely correlated with RTs (r 2 = −.432, p ≤ .001), alpha modulation (r 2 = −.439, p ≤ .001), and directly correlated with theta and O2Hb (r 2 = .555, p ≤ .001). Finally O2Hb and theta band were significantly correlated (r 2 = .570, p ≤ .001).
Comparison between Experiment 1 and Experiment 2
A direct comparison between the two experiments was conducted for the dependent measures of ERs, RTs, selfranking, frequency band and O2Hb. The independent factor experiment (Experiments 1 vs. 2) was added to previous statistical design (see Experiments 1 and 2 for the statistical design). We reported only the significant effects where Exp factor was significant, to synthesize the main results. RTs ANCOVA indicated significant no significant effect which included the Experiment factor.
Self-ranking
About 
Frequency band
While no main or interaction effects proved to be significant for alpha, delta and beta data, ANCOVA revealed significant effects for theta bands. About theta Lat × BAS × Exp was significant (F [1, 51] = 7.59, p ≤ .001, η 2 = .35): a more left responsiveness was revealed for high-BAS scoring in Exp 1 than in Exp 2 (F [1, 51] = 7.27, p ≤ .001, η 2 = .35). In addition high-BAS compared to low-BAS scoring showed increased theta in Exp 1 (F [1, 51] = 7.10, p ≤ .001, η 2 = .35).
fNIRS
As shown by ANCOVA, Lat × BAS × Exp (F [1, 51] = 7.56, p ≤ .001, η 2 = .37) interaction effects were significant. It was observed an increased response for 
Discussion
The present research intended to explore the brain correlates and the effect of personality components (BAS) in social ranking perception and cognitive performance during a task which included a cooperative (Experiment 1) or a competitive joint-action (Experiment 2). Specifically EEG (brain oscillations) and fNIRS hemodynamic brain activity (O2Hb) were considered in subject showing high-and low-BAS profile, to elucidate how this motivational trait component may affect subjects in formulating self-representation (ranking position) and self-improvement (cognitive performance) in an interpersonal cooperative and competitive context. A first main effect elucidated by the present research was related to the implication of PFC during the cooperative and competitive task. Indeed in both Experiments 1 and 2 the electrodes positioned over the PFC showed to be significantly modulated in response to cooperation and competition, with a significant increased activity mainly within the left side. In addition, both EEG and fNIRS measures showed a significant and increased lateralization effect in conjunction with BAS score. Such finding replicated previous results which suggested a similar role for some prefrontal areas (such as the VMPFC) in response to status perception [68] . Recent studies investigating the effect of interpersonal situations and reciprocal strategies, when interacting with cooperative and non-cooperative human partners, highlighted the presence of specific activations in the DLPFC [3, 4, 69] and increased activity in the superior temporal sulcus when cooperating positively with a computer [70] . Moreover, using the EEG hyper-scanning technique it was reported a specific involvement of this area when interacting during Prisoner's Dilemma games [71] .
As for the specific contribution of some frequency bands (mainly alpha and theta more than delta and beta) that we found to be relevant to explain the cortical activation, we may suggest that from one hand alpha may function as an index of brain lateralized activation. Specifically, it has been proven that a decrease in alpha power could indicate increased brain activity and a differential responsiveness by the two hemispheres in relation to specific cognitive or affective tasks [29, 72] . From the other hand, theta was previously considered as a specific index of motivational and emotional aspect, as well as of salience of the task and of the subjects' engagement in the task itself.
Indeed, previous work highlighted that event-related theta activity signal sustained visual stimulation with affective content [44, 46, 53, 73] when coordinated responses are needed to guarantee alertness and readiness. Specifically, it was shown that, when dealing with attentive functions, theta activity is mainly localized over frontal sites. Generators reconstruction analyses also showed how such activation could be produced within cortico-hippocampal and frontolimbic networks [47, 49] . Also, it has been shown that theta oscillations are involved in memory and emotional regulation [44] and, more recently, Kawasaki and Yamaguchi [74] found that frontal theta activity increased during interval periods while waiting for a monetary reward. In some studies theta power has also been shown to increase when goal conflicts are experienced [75] [76] [77] . However in the present context we may suggest that theta may preferentially functions as a marker of the salience of the task [46, 47, 49] and of the positivity of the interpersonal outcomes, as indicated by its sensitivity to positive feedback to the joint-action. In fact, it has been suggested that EEG frequency within theta range could be related to implicit processes within social cognition [78] .
A second interesting finding consists in the recruitment of the PFC that was modulated as a function of both BAS trait and the cooperative/competitive nature of the task. This effect emerged in the modulation of EEG activity recorded over prefrontal sites and was confirmed by optical imaging analyses (fNIRS).
Indeed, in addition to this general enhanced left PFC activity, a specific lateralization pattern was found, with increased left activation with respect to the right one, mainly for higher-BAS and mainly in the case of cooperative task. Firstly, the "left hemisphere effect" in integration with the "approach attitude" was found to be leading to explain our results. This is in line with previous studies, which reported that high-BAS profiles were more likely to relate to the dominant and "proactive" attitudes in situations that were shown to induce a positive and rewarding effect [24] . Specifically, it was also demonstrated that, considering resting intracortical activity during social emotionally salient task, participants with increased left versus right DLPFC activity also displayed also showed more frequently adaptive, dominant, and approach-related responses [79] . Secondly, high-BAS scoring showed significantly greater PFC activation in case of cooperation than of competition and this brain response was related to improved performance and increased self-perceived ranking position, as was highlighted by both EEG (alpha decreasing and theta increasing) and fNIRS (O2Hb increased values). As underlined by previous data, we may explain these results taking into account evidences from evolutionary and developmental psychology, which underline that cooperating is more gratifying than competing from a social point of view since cooperation may be represented as a source of positive social feedback on the joint performance towards the common objective, in addition to the intra-subjective positive feedback as in competition [80] . Previous neuroimaging work [81] suggested the involvement of the medial orbitofrontal and anterior frontal cortex in after positive feedback and outcomes. In fact, the presence of a performance-related feedback was manipulated in different planning and guessing tasks. Another work with fMRI has revealed that the orbitofrontal cortex seems to process rewarding values after comparison, and not absolute gratifying stimuli [82] . Considering the neural substrates, it has been previously shown that the PFC is implicated when controlling finalized behaviors [83] . Moreover, the left orbitofrontal areas seem specifically related to rewarding conditions, as affirmed by the approach-withdrawal theory [84] [85] [86] . We propose that results from the current study highlight how the rewarding meaning comes from the psychological gratification to achieve a shared objective by interacting with another mate. This suggestion would also be supported by the idea that social sharing can be rewarding per se [87] and that this rewarding condition was more related to cooperation than competition, it being probably due to the social relevance of cooperation for the inter-subjective survival and the reciprocal integration during an interactive social exchange.
As for the cognitive performance it was also found a relevant direct relationship between the brain activity within the left PFC, the cognitive behavior and the social representation for both cooperation and competition, as shown by the correlation analyses. The effect related to the cortical "unbalance" over the left hemisphere in response to cooperation and competition was also associated with an increased sense of social efficacy and a concomitant better performance (decreased ERs and RTs) could support a possible connection between left-sided prefrontal activation, social hierarchy representation, and behavioral change.
The cortical lateralization could support the presence of a significant over-activation of left anterior regions and, in parallel, the role of such areas in managing the subjective perception to be upper in ranking. To verify this hypothesis, previous work highlighted that the subjective perception of being powerful within the social context (vs. being low in social power) is related to increased left-sided activity [6, 21, 88] . This effect put together two parts of the same coin: on one side there is the relation between PFC and self-perception, on the other PFC and behavioral performance. In other words, something like a "reinforcing effect" could be hypothesized: from one side the meaning of the joint performance from a social point of view (higher ranking position) seems significant in influencing participants' outcomes throughout the task (in concomitance with heightened ranking perception and behavioral performance). Here, the modulation of PFC is crucial, thanks to the involvement of social perception processes. On the other side, the improvement in behavioral outcomes could influence self-perceived social position, with subsequent advantages when considering social status. In this case, PFC may be involved to sustain the relation between behavioral outcomes and social representation, thus strenghtening the "social value" of anterior brain networks [89] [90] [91] .
However, we found also an improved performance in terms of ERs in the case of cooperation compared to competition. That is, we may state that cooperating induces a better perception of self, as well as an increased cognitive performance by the subjects. In other words, it seem probable that the self-perception of well-performing in a cooperative joined-action produces a more consistent and significant cognitive outcome. Based on these results we may suggest that to cooperate is better than to compete also from a cognitive point of view. Previous research showed some contrasting results, since in some cases subjects showed better performances in cognitive tasks during competition than during cooperation [2] . However in that case the absence of a specific "social" feedback during the task and the lacking of a long lasting performance (which might be able to induce the improving of the reciprocal performance across the time) may have partially hidden the consistent differences among the two social conditions.
It should be specified that this increased cognitive and self-perception effect induced by cooperation was mainly remarked by BAS trait. High-BAS participants were better performers and they perceived themselves as higher in ranking. Such effects are consistent with previous findings that proved a left-cortical asymmetry in the case of approach-related motivations, with increased high-frequency electrocortical oscillations over the left with respect to the right PFC [29] and improved selfperception [6, 21] . Such lateralization effect could be explained by considering that the approaching attitude, related to left-sided neural activation, can influence per se both the perceived self-efficacy and competition as well as subjects' effective outcomes. Thus we could conclude that approach-attitudes and positive emotions could underlie the left-side hyperactivation that reciprocally influences a higher perceived self-efficacy during cooperation, and support a proficient behavioral performance. More generally, high-BAS participants could be more focused on those situations that generate significant positive rewards and proficient, proactive behaviors. These processes are associated with positive affect and self-efficacy to approach social situations [26] , as emerged in previous work with analogous conditions [6, 21] . Such BAS trait effect, more related to cooperation than competition, may be due to the fact that individuals with higher-BAS profiles are more active in obtaining their results when a cooperative aim is pursued [92, 93] . By virtue of having relatively a greater proactive attitude, they must rely more on their resources to meet their needs [94] .
Conclusions
To summarize, as reveled by the present results, the contribution of PFC and specifically of left structures is crucial to support the cooperative and competitive joined-action. However, this effect was mainly related with the BAS construct, since the increased left PFC activation for both EEG and fNIRS measures was directly related to the high-BAS trait. Moreover, BAS trait appears to endorse the predisposition to influence self-perceived ranking, as well as actual behavioral performance, since high-BAS participants presented a self-attribution of higher ranking position and general improved cognitive outcomes. Therefore, cooperation proved to be the best condition to perform the task, as underlined by self-perception and cognitive results. In addition, the representation of higher-level in hierarchy related to improved cognitive performance is linked to a clear activity in the DLPFC more for high-BAS people when they operate in a cooperative context.
However, an intrinsic limitation of the present study is related to the low ecological value of the task if compared with the real common situations where cooperation or competition are displayed. Secondly, variations in type of tasks which could not include only a cognitive performance should be provided in future research, to eventually compare the present results with those of more "social" tasks. Thirdly future research should also provide a complete analysis of the inter-personal strategies used by cooperators/competitors by using a more specific hyperscanning methodology in order to consider the joined brain activities of the subjects. Finally the specific cortical side effect and the left/right hemispheric lateralization should be better analyzed also independently from the BAS trait measure.
Abbreviations EEG: electroencephalography; fNIRS: functional near-infrared spectroscopy; O2Hb: oxyhemoglobin; ER: error rate; RT: response time; BAS: behavioral activation system; PFC: prefrontal cortex.
